Organoid engineering promises to revolutionize medicine with wide ranging applications of scientific, engineering, and clinical interest, including precision and personalized medicine, gene editing, drug development, disease modeling, cellular therapy, and a basic understanding of human development.
Introduction
Real organs in the body are comprised of primary cells, not commonly used stable cell lines that express a combination of normal and cancer-related genes. For over 30 years, in a concerted effort to engineer 3D cellular models that are more physiological, scientists and engineers have developed techniques to isolate multiple primary cell types from tissues/organs, and to cultivate these cells in 2D or 3D formats (Duval, Grover et al. 2017) . These cultivation techniques are built upon controlling or tailoring cell-cell and cell-matrix interactions, and often employ biomaterial-based scaffolds in addition to natural ones (Ogoke, Oluwole et al. 2017) . Other sources of human cell lines, which have provided a foundation for human studies, include patient-derived fetal tissue (Gerlach, Over et al. 2012 , Gridelli, Vizzini et al. 2012 ) and adult tissue from biopsy (Bhogal, Hodson et al. 2011 ) . These approaches are a great improvement upon stable transformed cell lines derived from human tumors, or cells that have been transformed to continually proliferate. Pharmaceutical companies often employ these cell lines in studies of toxicity, efficacy, and human disease models (Schwartz, Fridovich et al. 1981 , Xu, Hui et al. 2005 , Ramaiahgari, den Braver et al. 2014 Yokoyama, Sasaki et al. 2018; Giovannetti, Mey et al. 2004 , Woolbright, Bridges et al. 2017 , Kim, Choi et al. 2018 . Despite their value in enhancing our knowledge of biology and disease modeling, these valuable cells and well-established approaches fail to provide an all-in-one in vitro disease model that captures disease states. Necessary 3D homotypic and heterotypic cell-cell interactions are lacking in these systems, and these cell sources are limited by donorrelated issues, including quality, heterogeneity, and scarcity.
The advent of stem cell biology, engineering, and therapy has provided solutions to these pressing problems brought up by limitations of stable cells and primary tissues. The rapid progression of this field has led to enabled unprecedented access to human tissues. The establishment of efficient differentiation protocols from human pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) and human induced pluripotent stem cells, (hiPSC), has enabled several key avenues of research, including: 1) production of many human cells of interest, 2) modeling of diseases in the culture dish, 3) studying human development, 4) gene editing for genetic disease correction, 5) evaluation of hPSC-derived cells for cell therapy (Figure 1) , all of which has revolutionized medicine (Shi, Inoue et al. 2017) . Despite these unprecedented successes, limitations of hPSC cell culture exist in 2D systems, particularly for epithelial cell types. Epithelial sheets present in embryonic and adult tissues are comprised of epithelial cells which exhibit cell-cell contacts via adherens junctions (homodimeric cadherin proteins), tight junctions (zonula occludens), and cell-extracellular matrix (ECM) contacts to basement membrane, to maintain both structural integrity and barrier function (Lakins, Chin et al. 2012) . Epithelial cells also display basal, lateral, and apical membrane domains, each of which has unique membrane proteins and cytoskeletal interconnections.
These epithelial cell sheets held together tightly bear individual and collective functions in development of organs, and are surprisingly dynamic. Cell sheets dramatically rearrange their shape, in response to changes in tension, during force-driven processes like invagination and tissue folding, and these forces are transmitted through cells (Martin, Gelbart et al. 2010) . Further, as opposed to cell division on a culture dish, cell division in an epithelial sheet is probably less common, and may occur by different mechanisms. During cell mitosis in an epithelial cell sheet, an actomyosin contractile ring is connected to the plasma membrane at the equator, and both actin and myosin II generate ring constriction, followed by intercellular bridge formation and cell separation in the plane of the sheet (Le Bras and Le Borgne 2014).
These events and others together effect epithelial tissue morphogenesis during tissue and organ development, and ultimately lead to complex 3D architecture within epithelial organs. As a result, even though tissue engineers have generated 3D epithelial tissues that replicate aspects of in vivo architecture (Duval, Grover et al. 2017) by tailoring cell-cell and cell-matrix interactions, and employing biomaterialbased and natural scaffolds (Ogoke, Oluwole et al. 2017) . Despite studies tailoring conditions, microenvironments, and materials for cell growth, tissue engineering studies have often been limited by cell source, in terms of the need for harvesting cells from primary human tissues (clinical/surgical biopsies or discarded human tissues), reducing the ability for scale up, and providing reliable and consistent products.
Through these integrated processes during morphogenesis and organ development, epithelial tissues are composed of repeating miniature structural/functional units, like the nephron (kidney), sinusoid questions regarding these systems: 1) What are the key factors in constraining and controlling their growth and how can this be described mathematically? 2) What governs their cell composition? and 3) What are the best cultivation techniques? These are important questions which we review below.
Part 1: Key factors in organoid engineering
In this section, we focus on critical aspects of organoid engineering, including how tissues organize, the importance of cell composition, and of cell cultivation.
Quantitative experimental and mathematical models of tissue organization
After embryo implantation, a series of orchestrated events follow including embryogenesis, gastrulation, tissue patterning and organ formation. Each of these predictable but complex processes are imbued with self-organization of cells, and involves morphogenic (cell-cell signaling, cell motility and differentiation ) biophysical cues, coordinated gene activation/suppression, leading to formation of the body plan and organogenesis (Tam and Loebel 2007) . As mentioned above, many simultaneous processes effect tissue organization. For example, in C. elegans, specific proteins have been identified that maintain apicobasal polarity (Harrell and Goldstein 2011) , while myosins allow internalization of the endodermal cells (Harrell and Goldstein 2011) . Furthermore, small molecule disruption of the actomyosin cortex and the plasma membrane strongly affects directed cell migration of mesendoderm in zebrafish (Diz-Munoz, Krieg et al. 2010) . The relevance of the epithelial transitions (i.e. simple to pseudostratified, hepatoblast migration) is not known, and better models are needed to elucidate these epithelial phenomena and their effects on liver growth (Nakaya, Sukowati et al. 2013) . Cell polarity markers, which may not be present in vitro, need to partitioned correctly, while separate forces are involved in spindle positioning and in cytokinesis (Le Bras and Le Borgne 2014) . Epithelial-mesenchymal transitions (EMT, MET in reverse) are also a critical process in morphogenesis, and are involved changes in gene expression and cell behavior . Cell-ECM interactions are critical as well, in terms of interactions between epithelial cell sheets and the underlying basement membrane. Cell surface integrins, a complex family of heterodimeric transmembrane proteins, cluster and bind to extracellular matrix (ECM) proteins (laminin, fibronectin, and collagen) (Ezzell, Goldmann et al. 1997; Levental, Yu et al. 2009 , Paszek, Boettiger et al. 2009 ). These clusters, termed focal adhesion complexes, transmit mechanical cues from the external environment, across the membrane, to the actin cytoskeleton, and indirectly to other structural elements such as microtubules (Simerly, Navara et al. 2004) , and intermediate filaments (Erickson, Tucker et al. 1987 ). Overall, cell tension, biophysical signaling and cellular responses together influence morphogenesis of epithelial tissues.
Traditionally, embryos were dissociated and reaggregated to study self-organization. However, a series of seminal papers demonstrated that hPSC-derived progenitors can self-organize and undergo morphogenesis when cultured in suspension culture in the absence of scaffolds. The tissues include polarized cerebral cortex (Eiraku, Watanabe et al. 2008) , optic cup (Eiraku, Takata et al. 2011; Nakano, Ando et al. 2012) , anterior pituitary (Suga, Kadoshima et al. 2011) , and cerebellum (Muguruma, Nishiyama et al. 2015) . In concert with this, cerebral organoids were engineered (Lancaster, Renner et al. 2013) , with the assistance of continuous culture in spinner flasks. While these studies focused generally on the nervous system, other studies have demonstrated kidney organoids (Takasato, Er et al. 2015) , self-organizing single intestinal crypts/villus (Sato, Vries et al. 2009 ), gut tube (Spence, Mayhew et al. 2011) , in addition to hepatobiliary and pancreatic organoids reviewed in Part 2 of this review.
In addition to self-organization of adult tissues, scientists have improved models of embryogenesis using hPSC. PSC culture traditionally employed embryoid bodies, or when self-organized, gastruloids, the latter of which demonstrate high levels of self-organization (Warmflash, Sorre et al. 2014; Libby, Joy et al. 2018 , Zheng, Xue et al. 2019 , and these studies have been reviewed elsewhere (Deglincerti, Etoc et al. 2016; Simunovic and Brivanlou 2017) . A major question is what are the fundamental principles of tissue formation at the size/scale of an organoid? Since self-organization within embryos has been analyzed using mathematical and physical laws, a key question is can organoid i.e. self-organization of organoids be analyzed the same way? Mathematical modeling and simulations have been used to answer this question, with approaches including a differential cell adhesion hypothesis based upon minimization of cell surface energy applied to chick embryos (Steinberg 1963) , mechanical force-based modeling to analyze the epidermal layer of fish, movements within epithelial layers, and optic cup morphogenesis from human stem cells (Weliky and Oster 1990; Fletcher, Osterfield et al. 2014; Okuda, Takata et al. 2018) . It remains to be seen how mathematical models can be applied to human organoid data to predict morphogenesis or spatial patterning. For example, an important question is, can organoids generate forces required for tissue bud morphogenesis? Another aspect of organoid self-organization is whether gene expression is coordinated during this process. Seminal studies of developmental genetic regulatory networks that dynamically control gene expression (Britten and Davidson 1969) opened a new field of investigation and led to a deeper understanding of the mechanisms by which transiently expressed master regulatory factors progressively regulate lineage decisions during embryonic development, and these models have been used to explain development of the body plan and endoderm germ layer (Peter and Davidson 2011) . A key question is, do developmental gene networks function to create tissue patterns in organoids, and do these tissue patterns resemble the in vivo process?
Cellular hierarchies and composition in 3D organoids
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Since organoids are derived from adult stem cells or PSC-derived stem/progenitor cells, and tissues are organized in a hierarchical fashion (Visvader and Clevers 2016) , organoids themselves are likely hierarchically organized, leading to a complex cellular composition and what is termed "cellular heterogeneity." The best method to analyze cellular heterogeneity in organoids is single cell RNAsequencing, a powerful tool to compare gene expression levels in single cells. Consistent with this, RNAseq analysis of mouse intestinal organoids, derived from Lgr5 mouse intestinal stem cells, demonstrated 5 clusters after analysis, including: 1) enterocyte, 2) secretory cells (enteroendocrine cells, goblet cells, Paneth cells), 3) transit amplifying cells, 4) Lgr5+ stem cells, and 5) rare enteroendocrine cells, indicating underlying cell complexity (Grun, Lyubimova et al. 2015) . Similarly, RNA-seq analysis of hPSC-derived whole cerebral organoids (days 33-65) and microdissected cortical regions resulted in 11 clusters, including: 1) various neural progenitor cells subtypes 2) neurons from dorsal forebrain, telencephalic, hippocampus, and ventral forebrain, 3) cycling and noncycling progenitors, and 4) cycling and noncycling mesenchymal cells. (Camp, Badsha et al. 2015) . These studies indicate that even though the starting population is considered uniform, there is considerable cellular heterogeneity within organoids. These studies indicate that the cellular heterogeneity mimics in vivo tissues, but further investigations should elucidate how to improve modeling of cellular heterogeneity within organoids.
Cellular composition is also an important aspect of organoid engineering. The best example of the significance of cellular composition in hepatic organoids engineered is liver-bud like organoids composed of hPSC-derived hepatic progenitors, human mesenchymal stem cells (hMSC), and human umbilical vein endothelial cells (HUVEC) (Takebe, Sekine et al. 2013) . This study and a subsequent protocol (Takebe, Zhang et al. 2014 ) outline the technique to engineer a liver bud-like tissue, using an empirically determined ratio of iPSC-derived hepatic progenitors to HUVECs to hMSCs of 10:7:2 (Takebe, Zhang et al. 2014 ).
Other studies have validated the use of these types of cell ratios for the repeating the same organoid system (Ramachandran, Schirmer et al. 2015) . While these studies help underscore the importance of cell composition in engineering organoids, understanding how initial organoid cell composition affects the final state, and how changing the relative ratios of cells and their properties (i.e. proliferation rate) remains unknown. We highlight the importance of cell-cell composition in Figure 2 . It is importance to consider the cell fate within the organoid. Cells may engage in heterotypic and homotypic cell contacts, migrate, differentially proliferate, change packing density by contracting or expanding, or differentiate. The single kinetic steps that take place during this process, and how they vary with cell composition, remains to be determined. Since there are so many variables involved, it is possible that mathematical modeling can be utilized to determine the underlying fundamental of the process. This may enable us to answer the question, "If the proliferation rate of supporting cell doubles, what happens to the organoid, as a system?" Improved organoid imaging (reviewed below), including dynamic imaging, will also greatly enhance our understanding of how cell composition of organoids affects cell fate.
Organoid cultivation
Given that organoids phenocopy tissue hierarchy and potentially 3D tissue microarchitecture, important plates, or non-adhesive microwell culture, either in suspension or submerged in extracellular matrix like MG, a soft protein hydrogel of mouse origin which bears many major extracellular matrix proteins ( Figure   3 ). By definition, organoids can be passaged extensively. Within the organoid, cells likely remodel the extracellular matrix which then enables them to engage ß-integrin receptors needed for cell mechanosignaling (Lin, Chou et al. 2006) . Additionally, these cultivation formats promote epithelial sheet formation, mediated in part by cadherin receptors (Lin, Chou et al. 2006 ). The combined cell-cell and cellmatrix interactions are critical to coordinate self-organization and coordinated gene expression, but a major question is what other principles govern this process? Fortunately, a great deal of research has been conducted analyzing tumor growth in spheroids, and the physical principles are likely analogous to organoid formation. In suspension, tumor spheroids undergo growth arrest due limitation of nutrients in the center, including oxygen, in part due to diffusion limitations which would occur is suspended spheroids (Roose, Netti et al. 2003) . These restrictive conditions can be alleviated through cultivation configurations like rotating flasks or spinner flasks (Glicklis, Merchuk et al. 2004 ) and these systems have been critical of large brain organoids (Lancaster, Renner et al. 2013) .
Interestingly, when submerged in gels rather than in suspension, diffusion limitations do not limit tumor growth. Seminal studies demonstrated that cell line-derived multicellular tumor spheroids do not grow in agarose gels of varying concentration, and were approximately 2-10 times less diameter than in suspension. Gompertzian-based mathematical models have been used to demonstrate that imposed solid stress from agarose did not change proliferation rate or clonal efficiency, and in fact decreased apoptosis, suggesting that smaller spheroids at higher stresses have a higher packing density of cells (Helmlinger, Netti et al. 1997 ). Further, this study determined that mechanical stresses of 50-120 mm Hg were present at varying gel concentrations. This suggests that a local threshold of stress develops to stop 3D growth (Helmlinger, Netti et al. 1997) . Further, experimental depletion of collagen, hyaluronan, fibroblasts and tumor cells reduced stress and enhanced tumor growth (Stylianopoulos, Martin et al. 2012) . Unfortunately, how limitations in nutrients and oxygen, and solid stress affects self-organization, organoid hierarchy, or overall growth is not known. Special attention to culture medium, generation and removal of waste products, and solution conditions is therefore further warranted. In light of this fact, cultivation may require spinner flasks, bioreactors, or improved perfusion which use flow to remove wastes and promote growth.
Although high throughput systems offer advantages for screening of compounds for differentiation, growth, morphogenesis, as well as for combining disease modeling with drug development. However, organoids have been challenging to incorporate into high throughput systems because of their heterogeneity, 3D shape, size, morphology, nutrition, traditional microwell-based strategies. After high content screening of the levels of Zika infection in neural progenitor cell with small molecules, Zika infected hPSC-neural organoids, which provided a model of brain growth disorders, were successfully evaluated with lead candidates (Zhou, Tan et al. 2017 ). An engineered, microwell-based "microraft array"
system was used to screen compounds that enhance Paneth cell (niche cell)-intestinal stem cell interactions leading towards organoid development (Gracz, Williamson et al. 2015) . A technique termed "automated multidimensional phenotyping" was utilized for screening molecules that enhance hPSC-derived kidney organoid differentiation towards various kidney cell subtypes, assessed by traditional immunostaining (Czerniecki, Cruz et al. 2018 ). This study employed disease modeling and screening of candidate drugs, and identification of potential drug candidates. Other engineering systems that combine high throughput screens and organoids from multiple tissues to create body-on-chips have been recently reviewed (Skardal, Shupe et al. 2016) , highlighting the connection between organoids, high throughput systems, and technology.
Summary and outlook for Part 1
The development of human stem cell-derived organoids has heightened investigations cutting across parallel and historically important areas including epithelial morphogenesis, tissue organization, cellular hierarchies, and organoid cultivation. Key aspects of investigation into tissue organization includes including animal models of embryogenesis, organogenesis, and morphogenesis, including mathematicalbased approaches and their applications to including self-organized human stem cell-derived tissues, like the optic cop, or self-organized germ layers, like gastruloids. Further, organoids give rise to cellular heterogeneity termed tissue/cellular hierarchies, which enables unprecedented access to analysis of factors, that control stem cell self-renewal as well as proliferation and differentiation of progenitors in an in vivo like environment. Moreover, methods applied to spheroid cultures developed in the field of bioengineering are applicable to organoid cultivation, which helps address problems of heterogeneity, control of size and shape, and scale up. Finally, coupling high throughput technologies with organoid technologies has enabled important approaches of improving differentiation as well as disease modeling combined with drug screening.
Part 2: Hepatic, biliary, and pancreatic organoids
Organoids for hepatic, biliary, and pancreatic organs have been challenging to engineer in part because of their transcriptional complexity, complex functions and complex microstructure. These critical organs are comprised of multilayered epithelial and mesenchymal microstructures in unique configurations. In the case of the liver, single cell thick sheets are bordered on two sides, by microscopic vascular channels (sinusoids) lined with specialized endothelial cells, called liver sinusoidal endothelial cells (LSECs) (Ogoke, Oluwole et al. 2017) . Further, the biliary tree, which is lined with biliary duct cells, or cholangiocytes, carries bile from the liver to the gall bladder and to the gastrointestinal tract, is integrated with hepatic cords and hepatic vasculature. This complex liver microstructure is critical to normal function and is disrupted/inflamed in diseases like liver fibrosis, due to repeat hepatocellular injury from various ailments, leading to diseases like primary sclerosing cholangitis (PSC). The pancreas is a somewhat fragile organ composed primarily of endocrine, ductal, and acinar tissues. The complexity of the endocrine compartment is apparent in the large number of parenchymal cell types (nine) within the pancreatic islet, and physiologic control in response to widely varying glucose load during the day. Major diseases of the pancreas, including pancreatic cancer, type I diabetes mellitus, and pancreatitis, represent incurable medical problems which need improved modeling (Ellis, Ramzy et al. 2017) . In this section, we review hepatobiliary and pancreatic organoids from cell lines, from primary tissue, and from stem cell-derived tissues. HepG2 spheroids can exhibit phase 1 and 2 drug metabolism enzymes and transporter activity similar to mature hepatocytes. However, scientists have proposed that observed enhancement in function may not be due to spheroid/MG format, but instead due to length of spheroid cultivation (Luckert, Schulz et al. 2017 ), suggesting further investigated is needed. Another cell line tested in the spheroid format is the HepaRG cell line, which has demonstrated mature functions and bipotent differentiation (Cerec, Glaise et al. 2007 ).
Hepatic organoids from transformed or engineered cell lines
HepaRG engineered into spheroids were used to understand mechanisms of cholestasis, a major type of drug-induced liver injury, and specifically chlorpromazine-induced cholestasis (Hendriks, Puigvert et al. 2016 ). These studies demonstrated the importance of spheroid approaches for analysis of drug metabolism hinting at the potential value of engineering hHOs.
Since hepatic co-culture stimulates hepatic function (Bhatia, Balis et al. 1998 ) and hepatic differentiation , one concerted approach to engineering hHOs has been cocultivation, which better mimics hepatic microarchitecture. As mentioned above, self-renewal of organoids is a key aspect of organoid technology. A recent study explored self-renewable cells that were commercially available, cell lines that had been engineered using Upcyte technology (Ramachandran, Schirmer et al. 2015) . This technology (Burkard, Dahn et al. 2012; Levy, Bomze et al. 2015 ) enables conditional activation of viral genes to promote proliferation of mature parenchymal cells. Hepatocytes, LSECS, and hMSC engineered with Upcyte technology were co-cultivated in 3D formats on MG, where they self-condensed similar to a previous study that employed primary cells and hPSC (Takebe, Sekine et al. 2013 ). These hHOs were cultivated long term in flow-based bioreactors and demonstrated that secretory and P450 enzyme expression was similar to mature hepatocytes, component cells could be passaged, and organoids self-renew (Ramachandran, Schirmer et al. 2015) . However, these hHOs did not exhibit the spatial organization of the liver, reproducibility in spatial architecture between organoids was lacking, and organoids lacked biliary functions. This highlights a major concept regarding the concept of cell source for engineering hHOs; the importance of spatial organization and the need for a biliary component.
Incorporating technology for improved scaffolds represents another approach for augmenting reproducibility and scalability of spheroid/organoid culture. Interestingly, 5 mm x 5 mm, hemispherical, microstructured, biocompatible, polycarbonate microporous (2-4 µm) scaffolds (MatriGrid) were engineered for spheroid/organoid culture. These scaffolds were engineered into a bioreactor system, which improved culture by removal of waste products by maintained/enhanced supply of oxygen and nutrients.
This bioreactor system demonstrated the maturation of liver functions in 3D flow culture compared to static culture (Fernekorn, Hampl et al. 2015) , although the level and extent of functional improvement was not clear. In addition to technologies like tissue engineered scaffolds, encapsulation technology has also been used to improve reproducibility of 3D spheroid formation. Droplet-based microfluidics was used to produce a monodisperse, portable, "organ in a droplet," within a biocompatible 3D core shell scaffold with an H2O core and an alginate calcium shell (Chen, Utech et al. 2016) . In these droplets, hepatocytes within the core are encapsulated and subsequently engulfed in a second layer of fibroblasts within the shell. These mixed culture spheroids exhibited enhanced functions with coculture, similar to adult hepatocytes (Ortega-Prieto, Skelton et al. 2018) . Collectively, these studies demonstrate advantages and limitations of existing spheroid approaches with cell lines, and the potential advantages of using bioreactor, materials science, and encapsulation technology.
hHO from primary human or fetal tissue
Compared to using mature parenchymal cells that are terminally differentiated, hepatoblast-like hepatic progenitor cells have the potential to divide and differentiate, and may better self-organize into a liver-like 3D tissue. In one of the first studies of hHOs, donor (adult) small human hepatocytes (SH) and nonparenchymal liver cells cultured in an organoid format within collagen sponges processed from bovine tendon, demonstrated functional hepatocyte-like cells that were spatially segregated to the outer layer, some biliary duct formation, and surrounding vascular structures ). This study demonstrated several principles of organoids, including the use of progenitors, spatial segregation and aggregation, morphogenesis, and differentiation. The fetal liver is a rich source of hepatoblasts and proliferative cells (Tanimizu, Nishikawa et al. 2003) . Since hepatoblasts are bipotent for both hepatic and biliary fates, human fetal progenitors are a potentially valuable cell source for hHOs. Human fetal liver progenitors cells between 18 and 21 weeks of gestation were cultivated with liver decellularized scaffolds that were engineered into 8 mm discs for 3 weeks of culture (Vyas, Baptista et al. 2017) . Interestingly, a wide range of biliary phenotypes were obtained, including immature and mature biliary ducts exhibiting key functional markers, demonstrating both hepatic and biliary differentiation. By enabling formation key cell types, these hHOs address a direct limitation of previous approaches. However, these hHO within scaffolds were not passaged and this key aspect of hhO was not tested.
Recent studies have changed the landscape regarding HOs and their ability to be passaged, to exhibit cellular functions, and to reverse disease in immunodeficient mice. Although adult hepatocytes do not replicate appreciably in vitro, recent studies have demonstrated in vitro proliferative activity of primary hepatocytes (Hu, Gehart et al. 2018; Huch, Dorrell et al. 2013; Peng, Logan et al. 2018) . Isolated mouse hepatocytes (from multiple strains) were shown to be cultivated under a variety conditions to result in hepatocyte-like clustered (grape-like) mouse HO (mHO) (Hu, Gehart et al. 2018 ). However, plating efficiency was low, growth occurred but slowed down at 2-3 months, and cell labeling studies demonstrated that mHO, were derived from albumin-positive hepatocytes rather than ductal cells (Hu, Gehart et al. 2018) .
Interestingly, Axin +2 hepatocytes, which have been shown to give rise to hepatocytes, self-renew, and respond to Wnt2 and Wnt9b secreted by central vein endothelial cells (Wang, Zhao et al. 2015) , generated more mHO than adult hepatocytes, likely due to their increased proliferative capacity. These mHOs demonstrated stability and reproducibility of gene expression with continued passaging, and were cultured in serum-free HO medium containing 15% R-spondin (Wnt agonist) conditioned medium, EGF, CHIR, nicotinamide, HGF, A83-01 (TGFß inhibition), FGF7, FGF10, and gastrin (Hu, Gehart et al. 2018 but not biliary markers. The fetal hHO also successfully repopulated liver and generated albumin upon transplantation in transgenic mouse models (Hu, Gehart et al. 2018 ).
In a second study of mHO (Peng, Logan et al. 2018) , scientists found that mouse hepatocytes could be expanded as mHO when basal medium (William's E medium, B27, N2, nicotinamide, 1.25 N-Acetylcysteine, ROCK inhibitor, A8301) was supplemented with CHIR, EGF, and 100 ng/ml TNF.
Amazingly, these supplements increased organoid plating efficiency to 15%, resulting in grape-like structures similar to the above study (Hu, Gehart et al. 2018) , required TNF-mediated NF-kB, and resulted in passaging up to 8 months in vitro. These structures demonstrated bile canaliculi within the mHO, and periportal vs. pericentral genes could be differentially upregulated. RNA-seq analysis demonstrated that ~1/5 of the cells within the mHO expressed proliferation markers. Amazingly, these mHOs repopulated the Fah -/-acute mouse liver injury models at 80%, which is much higher than the 1% repopulation expected. Interestingly, large clusters in the liver expressed Axin 3, indicating they were involved in Wnt signaling that normally expands proliferative capacity of hepatocytes (Wang, Zhao et al. 2015) . Consistent with this, R-Spondin was expressed at the periphery of these large clusters in injury zones. These studies demonstrated culture conditions for mHO and greatly enhanced proliferation in vivo.
Hepatobiliary organoids (HBO) from adult stem cells and human pluripotent stem cells (hPSC)
HBO have been engineered from mouse and human adult stem/progenitor cells in the liver (Huch, Dorrell et al. 2013; Huch, Gehart et al. 2015) . Adult liver stem/progenitor cells and hPSC-derived hHO are advantageous because of their inherent self-renewal and proliferative ability. Adult hepatic and/or biliary progenitor cells have been previously studied in the context of regenerative capacity of liver tissue after acute and chronic injury. Activated resident liver cells following a chronic injury can transdifferentiate into oval cells that can form both hepatocytes and cholangiocytes (Huch, Dorrell et al. 2013; Huch, Gehart et al. 2015) . Further, as mentioned above, Wnt-stimulated pericentral hepatocytes also have regenerative capacity, and Wnt-responsive hepatocytes express Axin 2 in hepatocytes (Wang, Zhao et al. 2015) .
Although identifying an adult stem/progenitor cell in the liver, this study did not employ mHO. Another and Nicotinamide (Huch, Dorrell et al. 2013 ). These Lgr5+ HBO grew, expressed ductal markers, and were maintained for 12 months by weekly passaging, expressed progenitor markers Sox9, Cd44, Prom1, and expressed both hepatocyte and ductal markers, indicating they were bipotent. Further, the inhibition of Notch and TGF-beta signaling demonstrated transcriptional activation of hepatocyte-specific genes and down regulation of Lgr5, indicating the cells had differentiated, and were able to repopulate injured liver in Fah -/-mice which model liver injury (Huch, Dorrell et al. 2013) . EpCAM+ cells have also been used successfully for patient-specific disease liver modeling (Hu, Gehart et al. 2018) . These studies summarize that both Lgr5+ cells and EpCAM+ cells are adult stem cell-like populations that can be used to successfully generate both mHBO and hHBO that can be passaged long term, and are bipotent for liver and biliary epithelial cells.
Advantages of hPSC-derived hHBOs are the infinite self-renewal capacity, and the improved ability for patient-specific cells and disease modeling. Further, hPSC-specifically are valuable because of the unlimited proliferative and differentiation capacity the hPSC-hepatic endoderm/hepatoblasts, and the ability to obtain patient-specific hPSC. Combining the strength of hPSC with the strength of using nonparenchymal cells normally present in the liver would strengthen hHBO modeling. Using this novel approach, scientists first differentiated hPSCs into hepatic progenitor cells in monolayer culture (Figure   4) , and then employed MSC to model hepatic stellate cells (HSC), and HUVEC (human umbilical vein endothelial cells) to model early liver bud endothelial cells (Takebe, Sekine et al. 2013 ). These cells were mixed at pre-defined ratios and cultivated on MG resulting in standalone structures which contract to the form a miniature disc. These miniature discs were analyzed and demonstrated gene expression comparable to mouse liver bud, and when transplanted, became vascularized, exhibited liver-specific gene expression, and reverse liver injury in mouse models. How these systems work is still being investigated, including understanding intercellular signaling which appears to be between HUVEC and hPSC-hepatic endoderm (Asai, Aihara et al. 2017) . A key aspect of organoid technology is the ability to scale-up the system such that hHOs are reproducible, and these hHOs have addressed these and other bioprocessing strategies (Takebe, Sekine et al. 2017) . Although these hHOs had several advantages, they used hMSC instead of actual HSC.
Improvements in HO technology can involve cell composition, improved scalability, and application for disease modeling. Along these line, PSCs have been engineered into HSCs. The PSC-HSCs closely mimic primary human HSCs at the transcriptional, phenotypical, and functional levels. When cocultured as 3D spheroids with HepaRG hepatocytes, PSC-HSCs demonstrated a quiescent phenotype.
Importantly, they mount a fibrogenic response and secrete collagen in reaction to external stimuli, similar to pathologic responses in vivo (Coll, Perea et al. 2018 ). This could greatly improve disease modeling.
Technology-based approaches have improved the scalability of hHOs. A recent study generates liver-budlike structures using extracellular matrix (ECM)-coated, PEG-hydrogel spherical arrays of miniature wells that are ~140 µm in diameter (Ng, Saeb-Parsy et al. 2018) , significantly smaller than most organoid sizes.
Immature PSC-derived hepatic progenitors were seeded in these wells and matured for 14 days, and compared to controls (spheroid culture, and monolayer culture) demonstrated enhanced function and evidence of maturation. Interestingly, these hHO demonstrated evidence of enhanced cell polarity, tissue integration and angiogenesis upon transplantation, and demonstrated that combined TGFß pathway and Sonic hedgehog pathway (Shh) signaling were involved in organoid formation. This system is scalable, although the cellular structures were heterogeneous in size, and long term cultures in these dense systems was not tested.
Organoid technology has also been used to firmly establish putative stem/progenitor cell populations within fetal and adult liver. For example, Sox9 expressing cells with the surface phenotype CD45-CD31-MIC1-1C3+ within adult livers were evaluated for their ability give rise to adult hepatocytes, were shown to be clonogenic in single cell organoid assays, demonstrating they could be passaged for 3 months (Tarlow, Finegold et al. 2014) . Another study by the same group studied the clonogenicity of an epithelial, ductal cell subpopulation with the phenotype of MIC1-1C3+/CD133+/CD26− expressing Sox9/FoxJ1 that was present in both mouse liver and mouse pancreas, and demonstrated that pancreatic derived organoids had liver differentiation potential in vivo (Dorrell, Tarlow et al. 2014) . Furthermore, in a study of human fetal and adult liver, a new stem/progenitor subpopulation was identified, a CD235a−/CD45−/EpCAM+/NCAM+ population, that expresses both biliary and hepatic markers.
Clonogenic organoid assays were performed, demonstrating that organoids could be differentiated to form both biliary epithelial cells and hepatocytes (Segal, Kent et al. 2019 ). These studies collectively highlight numerous subpopulations identified through sorting and organoid formation.
Overall, we have summarized the extensive activity for engineering HO from cell lines, mouse and human hepatocytes, from adult liver stem/progenitor cells, and human PSC. These landmark advances have been based upon careful investigation of improvements in medium conditions for growth, an understanding of key organoid fundamentals, the utility of liver injury models, and the ability to apply principles of liver stem cell biology, regeneration, inflammation, organ development, and RNA-sequencing technology to hHO in culture. While there have been many advancements in hHO based disease modeling, we feel these studies are out of the scope of the current manuscript. With the establishment of organoid approaches,
Human biliary organoids (BO) from primary tissue
Cholangiocytes, or bile ducts cells, line the bile ducts as part of the intrahepatic and extrahepatic biliary duct system. These rare cells (~3% of the liver) regulate bile composition and transport bile containing metabolized drugs, cholesterol, and bile salts. A single layer of cholangiocytes line bile ducts.
Furthermore, because a large number hydrophobic drugs are metabolized by Phase I and Phase II enzymes, conjugated, and secreted into the bile, they are key cells in models of drug metabolism and hepatoxicity.
Further, diseases of the biliary tract are a major cause of cirrhosis and subsequent pediatric and adult liver transplantation. As primary cholangiocyte culture remains problematic, a recent human biliary organoid hBO technique was established using isolation of primary extrahepatic biliary cells, followed by in vitro culture (Sampaziotis, de Brito et al. 2017 ). In the presence of various growth factors, these cells selforganize into hBOs consisting of tubular structures, which express cholangiocyte markers in vitro. Further, they can be serially passaged for 20 times with no phenotypic changes, suggesting they undergo selfrenewal. Interestingly, these hBOs could be dissociated, and were able to repopulate biodegradable, polylactic-co-glycolic acid (PLGA) scaffolds with ease, indicating hBO culture can enable primary cholangiocyte engraftment in scaffolds. However, these results could potentially be explained by the fact that the isolation procedure may have yielded biliary tree stem cells (BTSC), rather than cholangiocytes.
Another approach to generating cholangiocytes is through de-differentiation of adult hepatocytes and re-specification towards a cholangiocyte fate. In the presence of hepatocyte growth factor (HGF) and epidermal growth factor (EGF), hepatocytes form 3D structures in which the surface of tissue is covered by a superficial layer of biliary epithelial cells (Michalopoulos, Bowen et al. 2001 ). This hBO is also comprised of an intermediate layer of connective tissue, hepatocytes, and a basal layer of endothelial cells.
This system takes advantage of hepatocyte to biliary epithelial cell transition (Michalopoulos, Bowen et al. 2002) . Trans-differentiation has also been reported in the presence of other soluble factors (Limaye, Bowen et al. 2008) and key ECM configurations . As fetal tissue has become a more restricted cell source, this approach could be critical cell source for hepatobiliary tissue within organoids. Thus, primary cholangiocytes can form hBOs and potentially transdifferentiated biliary have been used to form mixed hBOs.
hBO from adult stem cells or from hPSC
As mentioned above, mouse Lgr5+ stem/progenitor cells within the Sox9+ biliary ductal population were shown to generate hepatocyte-like cells (Huch, Dorrell et al. 2013 ). Using the same approach, these organoids were differentiated into cholangiocytes-like cells, which exhibited numerous functional properties of cholangiocytes. To identify subsets of stem/progenitor cells within liver, scientists found that MIC1-1C3+ (biliary) (Dorrell, Erker et al. 2008 ) stains nonparenchymal cells in the liver under injury conditions that induce oval cells. Building on this, a subset (MIC1-1C3+, CD45-, CD11b-, CD31-, CD26-) of liver nonparenchymal cells demonstrated clonogenic activity and association with Sox9 and FoxJ1, and could give rise to both hepatocytes and ducts even in the absence of liver injury, indicating a bipotential/ population. Building on this, scientists used the progenitor cell subset, performed further analysis of cell surface marker, and identified that ST14 (hi) cell population had increased organoid forming activity. (Li, Dorrell et al. 2017) . In another study, organoid-derived cholangiocytes were integrated intro polyethersulfone hollow fiber membranes to give rise to physiologic bile ducts (Chen, Jochems et al. 2018) .
In this case, the organoids enabled expansion of cholangiocyte-like cells that could be isolated and used for their regenerative and self-organization properties (Chen, Jochems et al. 2018 ). As mentioned above, human EpCAM+ biliary epithelial cells can be cultivated long term as bipotent organoids in the presence of Forskolin (FSK) for long term, which stimulates Lgr5+ expression (Huch, Gehart et al. 2015) . These . These pathways were then evaluated in vivo, where YAP, rather than Lgr5, was shown to be heavily involved. Another method to isolate biliary stem cells is through culturing from the bile, which was obtained by endoscopic retrograde cholangiopancreatography (ERCP).
A total of 2-5 ml of bile was collected from the mid-portion of the common bile duct, and after filtration and centrifugation, cells were re-suspended in MG and plated in 24-well plates with ADF medium (30% Wnt conditioned medium, 20% R-spondin conditioned medium, N2, B27, nicotinamide, noggin, EGF, HGF, FGF, ROCK inhibitor, A83-01, and Forskolin). Patient-specific hBO were present after 3-5 days of culture, passaged every 7-10 days. The hBO-expressed biliary epithelial markers, as well as EPCAM, Lgr5, but not hepatocyte markers, and less CFTR, secretin receptor, aquaporin 1, and FGF19 expression compared to control hepatic and bile duct scraped hBO. Bile-derived hBO from patients with primary schlerosing cholangitis (PSC) compared to bile-derived hBO, and discovered notable and significant differences between the two populations, in particular regarding the inflammatory cytokine (Soroka, Assis et al. 2019) . hBOs have been recently used in several disease modeling applications which is outside the scope of this review, including biliary strictures and cholangiocarcinoma.
Human PSCs can self-renew and differentiate into diverse cell types are a robust alternative to generate cholangiocytes. Numerous studies have generated cholangiocytes in vitro (Figure 5) . Recent studies have generated 3D organoids that appear to be structurally and functionally similar to in vivo ducts.
Monolayers of hPSC-derived cholangiocyte-like cells, which normally can't be cultivated in vitro, were recently well characterized with respect to gene and protein expression (Dianat, Dubois-Pot-Schneider et al. 2014) . These studies employ a 7-day culture in a 3D matrix and generation of cystic or duct-like structures which were organoids, not due to their cellularity, but due to the fact they mimic in vivo microstructure. These organoids exhibited apico-basal polarity in some instances, and function as measured by multidrug resistance protein 1 (MDR1) function, and bile salt transport. However, it was not clear if the organoids were of intrahepatic (small) cholangiocytes origin expressing (CK7, CK19, NCAM, CFTR and AQP1) or extrahepatic (large) cholangiocytes origin expressing (SCTR, GGT1, TGR5, and AE2). In another hPSC cholangiocyte study (Ogawa, Ogawa et al. 2015) , hepatoblasts, the precursors to cholangiocytes, were co-cultured with supporting cells (mouse OP9 stromal cells), and transferred to form hBOs after 2 weeks of culture. The organoids included both duct-like and cystic-like structures, and Notch signaling was shown to be key for differentiation as reported elsewhere (De Assuncao, Sun et al. 2015) .
Overall, hBOs can be generated to form personalized, self-renewable, and functional 3D organoid structures, but there was high extent of variability between samples, more functional analysis can be done, and these studies do not distinguish between intra-and extrahepatic cholangiocytes.
Pancreatic organoids

Endocrine pancreatic organoids from primary tissue
There are several common threads between the hepatobiliary system and the pancreatic system: 1) they play roles in digestion, exocrine functions, endocrine functions, and metabolism, 2) exist in epithelial states with complex cellular functions, and 3) share a group of differentiation specific transcription factors which enables trans-differentiation between these states (Horb, Shen et al. 2003) . Furthermore, these organs are biomechanically soft (Desai, Tung et al. 2016; Nagy, de la Zerda et al. 2018 ). The pancreas is significantly smaller (16 times less weight) than the liver in humans, and less demarcated than the liver.
The pancreas is composed of three primary tissue components: endocrine, ductal, and acinar cells, each with specific and critical physiological functions. However, human pancreatic cells have been challenging to culture, and 3D interactions are critical, particularly for the pancreatic islet, and donor cells for scarce.
Therefore, pancreatic organoids (PO), which we discuss in detail below, were developed in the early 1980s.
In these studies, isolated islet cells were embedded primary rat endocrine islet in a collagen matrix (Montesano, Mouron et al. 1983) , and the cells self-organized. With this rich history of 3D culture, we will summarize recent work in this area and the key aspects limiting hPO technology.
Primary -cell replacement therapies offer an intriguing and promising option for disease reversal, but these complex epithelial cells were traditionally challenging to isolate, culture, and transplant.
Nonetheless, scientists and tissue engineers continued to refine islet cell isolation techniques. Primary hPO containing 8-11 weeks old human fetal tissue fragments in 3D MG culture (Bonfanti, Nobecourt et al. 2015) were engineered. Amazingly, the primary epithelial tissue fragments formed budding cyst-like selfassembled within 48 hours, which resemble the acinar/ductal microstructure of the pancreas and could be maintained as long as 5 months. Interestingly, when cultured in the absence of EGF for long term, the organoids expressed endocrine markers such as insulin, glucagon, and somatostatin, and increased, Nkx6.1, the -cell marker. Fetal pancreatic tissues have donor limitation, but some proliferative capacity.
Fortunately, human adult pancreas biopsies, 1 cm2 of pancreatic tissue, were isolated into single cells, cultured in MG with growth factors to generate hPO (Hu, Gehart et al. 2018) . In summary, fetal or adultderived organoids can be cultivated long term and give rise to endocrine lineages. However, -cell maturity, functional analysis, and in vivo fate within organoids or derived from organoids was not explored in these studies, the organoids are heterogeneous, and the actual cell subtype that gives rise to -cells within the PO is unclear.
Endocrine hPO from hPSC
Human PSCs have several advantages discussed above (Figure 6) . PO were engineered after 22 days of maturation in 3D culture, which demonstrated markers for endocrine cells, but these were less than in adult pancreatic tissue, and insulin secretion was 100 times lower (Wang, Jin et al. 2017) . Another study of 3D hPSC demonstrated endocrine markers in culture and formed PO 50-150 m in size, similar to physiologic islet size, and when matured and transplanted in a diabetic mouse model, they normalized glucose levels prior to graft loss at 12 days . However, these cells lacked glucagon expressing cells. These studies point out that formation of hPO culture at later stages may improve pancreatic endocrine maturation. A key point is that the pancreatic islet contains many cell types, including supporting cell types like endothelial cells. Using this approach, a new hydrogel, termed Amikagel, was engineered upon which hPSC-derived pancreatic progenitors were co-cultured with HUVECs to form hPO (Candiello, Grandhi et al. 2018) . Amikagel is a polymer hydrogel composed of Amikacin and the crosslinker poly (ethylene glycol) diglycidyl ether (PEGDE). In Amikagel, these hPO demonstrated elevated expression of Pdx1, and insulin when and an increase in secreted C-peptide compared to 2D co-culture.
These studies highlight several utilizing hPSC-PO that bear mature beta cells or islet cells some success upon transplantation.
Ductal/Acinar hPO from primary tissue
Primary tissue samples have been used to engineer PO that model both normal pancreatic ducts and ductal carcinoma. The normal organoids could only be passaged about 20 times, while the tumor-derived organoids could be passaged indefinitely, while expressed ductal markers and exhibited expected oncogenic mutations . Importantly, when these ductal PO were transplanted in vivo, they developed pre-cancerous lesions with abnormal nuclei, which progressed to cancer, as they do in patients.
This illustrates the unique ability of ductal PO for disease modeling by recreating the in vivo, epithelial environment . Another study focused on engineering PO by using primary tissue sources in combination with co-culture with cancer-associated fibroblasts (Tsai, McOlash et al. 2018 ) to generate what we term mixed ductal PO. T-lymphocytes were added in suspension on top of the mixed ductal PO embedded in MG, and migrated towards the organoid. Interestingly mixed ductal PO showed an increase in resistance to gemcitabine treatment when compared to controls. Overall, this innovative study showed modeling tumor architecture/composition can recreate cancer phenotypes (Tsai, McOlash et al. 2018 ).
Ductal/acinar PO from hPSC
Human PSC-derived pancreatic acinar/ductal organoids offer new opportunities for disease modeling, since controlled, conditional gene modifications/editing can be performed during differentiation (Figure 6) .
hPSC-derived hPO, composed primarily of pancreatic progenitor cells, could be differentiated along both the acinar and ductal lineages in vitro (Huang, Holtzinger et al. 2015 (Constantinescu, Gleizes et al. 2014) . In another study, in CF patient-specific iPSCs, CFTR was activated following organoid formation (Hohwieler, Illing et al. 2017) , and CFTR-bearing hPO displayed physical and chemical alterations, but can differentiate normally. These studies together demonstrate how hPSC-derived PO are an extremely powerful tool for understanding both congenital diseases and cancer.
Summary and outlook for Part 2
As we have reviewed here, organoid engineering is an active area of recent research with a wide range of applications, ranging from disease modeling, drug discovery, cell cultivation, and cell therapy. While scientists and engineers have used 3D cultures for over 30 years, organoids represent a subtle difference, which we detail here.
The strengths of organoid cultures, particularly the ones discussed here, are: 1) they can be serially passaged, even when derived from adult tissues, and therefore in part address donor tissue problems, 2) they can contain multiple cell types from an organ of interest, 3) they self-organize to form structural units within the target organ, 4) they can be used to mimic organ development and disease, and 5) they can be used for in vivo therapies. One limitation is that MG is still used in most cases of organoid formation.
Further, despite the milestones achieved by hHO, scientists have not demonstrated the development of hepatic sinusoids from hPSC-derived HO. hBO appear to give rise in many studies to duct-like structures, however, heterogeneity in size, shape, and composition is still an issue. Finally, the cell composition of the hPSC-hPO islet cell types and islet microstructure needs to better mimic intact islets.
Challenges that still remain in engineering organoids include: 1) Analysis and understanding Lack of understanding of the physics of self-assembly, self-organization, and compaction. Overall, organoids are a versatile and powerful tool that has great potential for wide areas of biological engineering, biology, and medicine.
Part 3:
The use of organoids has generated an interest in noninvasive assessment of their structure and function.
Further, organoids may have a unique ability to repopulate tissue due to their improved epithelial state.
Here we review organoid imaging approaches and organoid transplantation data.
Noninvasive imaging of organoids
Noninvasive imaging is an important tool in regenerative medicine for interrogating tissues (Willadsen, Chaise et al. 2018 ) and specifically, organoid imaging has recently been reviewed Walsh, Cook et al. 2017) . Noninvasive imaging enables the assessment of biological processes without tissue fixation/destruction, such that each subject can serve as its own control, and biological pathways are intact. Since embryogenesis and organogenesis involves spatial cellular communication and tissue dynamics (Lancaster, Renner et al. 2013; McCracken, Cata et al. 2014; Rios and Clevers 2018) , and organoids can recapitulate these processes, the noninvasive imaging of intact organoids can provide insights to the morphogenesis, cellular differentiation and division, and organoid structure, function and metabolism. Further, it can be used to identify molecular targets in disease modeling and drug screening. Organoid imaging requires an understanding of 1) basic physical principles of interaction of light/radiation with matter, 2) imaging modalities, 3) mechanisms of imaging contrast (transmitted, absorbance, reflectance, fluorescent, proton, nuclear), and 4) methods of generating imaging signal and/or contrast. Normally, noninvasive assessment of in vivo tissues is challenging, because of the absorption and scattering of light, which hinders deep tissue imaging. However, organoids model in vivo tissues, but are miniature enough to enable high spatial resolution imaging. A further advantage of organoids is that they support stem cell and progenitor culture and their cell-cell interactions, which traditional 2D culture does not. Further, organoids provide one of the best models for the analysis of epithelial cell cultures. Thus, combining imaging and organoids has many potential applications.
The most basic approach to organoid imaging is conventional epi-illumination microscopy, which can provide images of the outlines of organoids and some cellular features. The use of fluorescent cells, either through dye-labeling or reporter gene expression, with fluorescence microscopy, provides increased spatial resolution but limited depth resolution (~150 µm), since organoids can be in the range of ~500 µm to 1 mm in size. Therefore, multiphoton microscopy, which can greatly increase depth resolution, would be the imaging approach of choice for high resolution imaging of fluorescent cells within single organoids (Nakano, Ando et al. 2012) . In vitro fluorescent imaging has been performed with reporter gene imaging of differentiation-specific promoters. For example, two fluorescent reporters were utilized that expressed mCherry and GFP upon activation of Kruppel-like factor 5 (KLF5) and intestine specific homeobox (ISX), respectively. This approach has been used to perform in vitro fluorescence reporter gene imaging of hPSC- Responsiveness of organoids was measured in 24 hours, and correlated with tumor xenografts in vivo (Walsh, Cook et al. 2014) . These studies together indicate the importance and versatility of noninvasive organoid imaging.
Hepatobiliary and pancreatic organoid transplantation
Cell transplantation of epithelial tissues for diseases is challenging, since cell harvest removes epithelial cells from their native environment. Transplanted cells need likely compete for nutrition, engraft, migrate, identify local niches where they can survive, and integrate with other epithelial cells, after which they likely start to function. In theory, organoid transplantation can result in improved results compared to traditional cell transplantation, because cells are in their native epithelial state, they may be more likely to survive and integrate compared to 2D monolayer cultures of cells. We begin this discussion of organoid transplantation by reviewing recent studies employing intestinal organoids. Both intestinal and colonic organoids have been transplanted within the kidney capsule, a common, highly vascularized site for stem cell transplantation. hIO transplants demonstrate viability at 1 week (Jung, Lee et al. 2018) , and both hIO and colonic (hCO) organoids survived under the kidney capsule of immunodeficient mice for 8-10 weeks (Munera and Wells 2017) . hIO and hCO demonstrated increased maturation as judged by RNA-seq, multilineage differentiation, and formation and mimicking of mature organ histoarchitecture (Munera and Wells 2017) . Further, genetically edited hPSC were engineered into hCO, transplanted orthotopically for 8-12
weeks into the colon mucosa, without the need for injury {Roper, 2017 #683}and demonstrated premalignant, malignant, and metastatic stages. These studies demonstrate the value of this approach, and that in vivo maturation is a key concept in organoid transplantation.
The liver and pancreatic studies are different because these are solid organs versus hollow organs.
We have summarized existing organoid transplantation studies in Table 1 . hHO have shown promise for development as a direct tissue replacement therapy for patients with end-stage liver disease through studies in animal models (Takebe, Sekine et al. 2013; Collin de l'Hortet, Takeishi et al. 2019) . hHO have resulted in mixed results in in transplantation models, with varying models, and efficient methods to transplant hHO orthotopically are still being evaluated (Zhou, Lolas et al. 2017) . Although hepatocytes are traditionally transplanted via spleen or portal vein, (Baccarani, Adani et al. 2005) , HO were transplanted within the hepatectomy site, but despite local engraftment, long term stability was limited (Zhou, Lolas et al. 2017) .
In this study, combining hepatocytes with hepatic stellate cells into organoids did not significantly improve the engraftment compared with hepatocytes alone (Zhou, Lolas et al. 2017 ). These intrahepatic hHO underwent tissue necrosis, and a foreign body-like inflammatory response. Scientists have showed that after gross liver damage, during liver regeneration, macrophages secrete IL6 to promote hepatocyte regeneration.
Using this, scientists greatly augmented mouse hepatocyte organoid culture with IL6, followed by intrasplenic organoid transplantation in the Fah -/-model. Amazingly, although the number of mice was low, they reported 80% repopulation, which was much higher than the 0.1-1% reported in the CCl4stimulated Lgr5+ organoids after transplantation in the same animal model (Huch, Dorrell et al. 2013; Peng, Logan et al. 2018) . Several studies have developed hPSC-derived cholangiocytes-like cells and engineered them into thin, single-cell layered organoids (Ogawa, Ogawa et al. 2015; Sampaziotis, de Brito et al. 2017) . In a landmark study, biliary epithelial cells were scraped from human extrahepatic biliary ducts, and using similar methods for organoid engineering, they creating cyst-like organoids (Sampaziotis, Justin et al. 2017 ). These hBO were cultivated on polyglycolic acid (PGA)-based biodegradable scaffolds used for biliary surgery reconstruction by transplanting into the gall bladder wall of immunodeficient mice.
Compared to negative controls, the mice with hBO-based scaffolds regenerated the gall bladder wall expressing biliary markers CK7 and CK19 and survived over 100 days. Further, the common bile duct was ligated and repaired using a collagen-based tubular scaffold seeded with hBO. These studies highlight the potential for therapeutic intervention of biliary diseases with hBO and point towards the use of degradable scaffolds for reconstructing epithelial tissues with native stiffness (Sampaziotis, Justin et al. 2017) .
hPSC-derived pancreatic organoids (hPO) are more complex than hHO or hBO because of plethora of cells that arise during pancreas differentiation. hPO-derived pancreatic progenitor cells in monolayer were incorporated into organoids by day 18 and passaged for long term organoid culture every 10-14 days (Hohwieler, Illing et al. 2017) . These hPO and patient-specific cystic fibrosis-derived hPO were orthotopically transplanted in mice and evaluated after 5 weeks. Interestingly, these hPO integrated into the donor tissue and maintained their phenotypes (Hohwieler, Illing et al. 2017) . In another study, organoids were engineered via co-culture of three separate cell types (Soltanian, Ghezelayagh et al. 2018 ). Both hPSCderived endothelial cells (EC) and hPSC-derived mesenchymal stem cells (MSC) were established and cocultured with hPSC-derived pancreatic progenitors on growth factor reduced MG to generated hPO. Next, hPO were then placed in a miniature 3D-printed basket-like device and transplanted into the peritoneum of nude mice. Analysis after 90-days showed that hPO within devices exhibited higher levels of vascularization, the number of insulin+ cells, and serum C-peptide levels when compared to hPO only transplants (Soltanian, Ghezelayagh et al. 2019 ). Instead of using stem cell-derived cells, another approach was to engineer hPO composed of HUVECs, MSCs, and human islets and transplant these under the renal capsule of immune-deficient mice (Takahashi, Sekine et al. 2018 ). These studies showed elevated levels of human insulin compared to islets alone. Further, in a cranial window model, these mixed hPO showed earlier times than islets alone (Takahashi, Sekine et al. 2018 ). These studies suggest vascularization after organoid transplantation may lead to more successful engraftment. Another important avenue for hPO studies are those that involve cancer. PO studies were employed with OncoVee™-Mini PDX assay system, which bears hollow fibers. Primary tumors were digested purified, and loaded into these fiber-based capsules and transplanted in mice to form hPO in vivo (Zhang, Wang et al. 2018) . Analysis of tumor growth in response to drugs was similar to more complex patient-derived xenografts, suggesting this system could be widely used. Taken together, these studies demonstrate how transplantation of hepatic, biliary, and pancreatic organoids are being evaluated and the general positive results that have been achieved.
Summary and outlook for Part 3
We review two major topics in organoid technology, organoid imaging and transplantation. Organoid imaging is an active area of research that can answer major questions about organoids, including morphogenesis, size, growth, epithelial states, cell-cell interactions, and metabolism. Reporter gene imaging has been used for imaging differentiation, cell division, and many other processes in organoids, label-free imaging has been powerful approach. We expect organoid imaging to further develop, particularly with applications in high throughput, screening approaches and in disease modeling applications in which biomarkers can be evaluated. Organoid transplantation has been successful approach since epithelial state is preserved, and both intact organoids and organoids that have been dissociated have provided extremely exciting data in the area of hepatobiliary and pancreatic organoid transplantation. For liver and pancreatic cell therapies, major issues are mass of cells and functions, whereas for biliary cell therapies major issues include structural integrity. Reported success in animal models bode well for continued translation of organoid technology towards patients with hepatobiliary and pancreatic diseases.
Conclusions
(1) Organoids have emerged as a system for recapitulating the composition, epithelial structure, and cellular heterogeneity observed in primary tissues.
(2) The studies reviewed here demonstrated several principles of organoid culture, including the use of progenitors, spatial segregation and aggregation, morphogenesis, and maturation.
(3) Foundational investigations of cell biology using cell lines cultured in 2D and/or mouse models do not capture the essential biological and biomechanical features of their in vivo counterparts.
(4) Organoids have been used in several research areas including cellular regeneration, organ development, disease modelling, and tissue maintenance.
(5) Several efforts are aimed towards designing complex tissue from organoids which can mimic the native architecture of organs. However, to form complex tissues, there will be a requirement for advanced tissue engineering techniques will be required to control organoid shape and composition.
(6) A major research focus is on the capacity of organoids to regenerate tissue following transplantation.
(7) Cell maturation within organoids will need to improve in order to develop effective disease and tissue models. One avenue to improve maturation may be to improve the state of the progenitor cell cultures prior to the formation of organoids.
(8) The challenges above, if overcome, can rapidly advance our understanding of many biological mechanisms.
(9) Organoids are a robust cell culture technique that, despite limitations, can serve as a useful tool to study human organs. 
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NP: Wrote, edited, supervised, and approved manuscript. With the advent of personalized hPSCs (left), scientists and engineers were able to conceive of not only therapy after lineage-specific differentiation, but also moved forward with disease modeling and drug development. These same hPSC-progenitors, prior to lineage-specific differentiation, can be placed in a 3D culture system designed for organoid formation (bottom, right). Here, they self-assemble, and they are believed to become further committed to certain lineages by staying spatially restricted. Finally, the cells mature into an organoid, as a miniature model of an organ. Organoids can be also formed by isolation of adult stem cells or tissue in a similar manner, and used for tissue replacement, disease modeling, and drug development. Just like hPSC, organoids are self-renewing.
Figure 2. Cellular dissection and biological engineering of organoids.
A). A solid or hollow organ typically has a microstructure that repeats across the organ, often conferring the organ's function. Organs can be digested into their cellular constituents, which include functional, parenchymal cells (P1, P2) and supporting cells (S), and adult stem cells/progenitors (ASC-p). hPSC progenitors (hPSC-p) can also be used. Bioprocessing techniques (Bio.) are techniques used to engineer organoids. B). Repeating structural / functional units of organs can be created with organoids. Organoids primarily derived from parenchymal cells (P1, P2), although relatively simple to create, lack the ability to mimic organ architecture, although they may demonstrate organ function. In contrast, organoids derived from both parenchymal (P1, P2) and supporting cells (S) can exhibit organ function in addition to mimicking organ architecture. If adult stem cell progenitors (ASC-p) form the organ of interest are used, the ASC-p will give rise to parenchymal cells P1 and P2, but not supporting cells (S). Thus, the organoid will also be self-renewable, but without supporting cells, may lack full architecture. If hPSC-derived progenitors (PSC-p) are used together with supporting cells (S), the PSC-p will give rise to parenchymal cells P1 and P2, and the organoid will retain organ microarchitecture and will be personalized. If bioprocessing techniques (Bio.) are used to make organoids more precisely, then the organoids will also be uniform. In vitro models of organoids have utilized a number of culture techniques to mimic the in vivo environment. Several self-organizing culture approaches have been explore including low attachment plates, embryoid body plates, the hanging drop technique and agarose coated plate culture. In these techniques cells are seeded onto specially treated surfaces and allowed to aggregate over time. Threedimensional culture (3D) gel based methods whereby cell aggregates are embedded or cultured on top of an extracellular matrix have also been utilized to form organoids. Human pluripotent stem cells (hPSC) derived hepatocytes can be utilized to make functional hepatic or hepatic/biliary organoids that recapitulate minimal in vivo liver function. At a cellular level, creating fully mature hepatocytes is still a challenge for the field and remains a limitation to current liver/biliary organoid models for various applications. Through embryogenesis, hepatocytes are typically derived through a two-step pathway that involves differentiation to definitive endoderm and then followed by hepatic progenitor cell induction. Functionally mature hepatocytes express markers such as Albumin, Transferrin, and Asialoglycoprotein Receptor 1 (ASGPR1).
Figure 5. Cholangiocyte derivation from hPSC.
Human pluripotent stem cells (hPSC) derived cholangiocytes can be utilized to make functional biliary or hepatic/biliary organoids that recapitulate minimal in vivo biliary function. At a cellular level, creating fully mature cholangiocytes also remains a challenge for the field and remains a limitation to current liver/biliary organoid models for various applications. In addition, during embryogenesis, cholangiocytes proceed through a two-step differentiation pathway into definitive endoderm followed by cholangiocyte progenitor induction. Functionally mature cholangiocytes express markers such as Sox9, Ck19, and HNF6.
Figure 6. Pancreatic cell derivation from hPSC.
Human pluripotent stem cells (hPSC) derived pancreatic cells can be utilized to make functional pancreatic organoids that recapitulate minimal in vivo liver function. At a cellular level, creating fully mature pancreatic cells is still a challenge for the field and remains a limitation to current pancreatic organoid models for various applications. In vitro derived functional pancreatic cells (acinar or endocrine) are derived from pancreatic endoderm and express insulin, glucagon, somatostatin (endocrine) or PTF1a, amylase, and CPA1 (acinar).
